ABSTRACT: Different types of powdered activated carbon, viz. charcoal (PACh), graphite (PG) and three samples (PACI, PACII and PACIII) prepared from olive stones generated as plant wastes and modified with aqueous oxidizing agents, viz. H 2 O 2 , HNO 3 and (NH 4 ) 2 S 2 O 8 , were separated from aqueous solution by flotation using oleic acid (HOL) as a surfactant. The effects of initial temperature, initial pH of the suspension, initial carbon and surfactant concentrations, stirring times and the presence of foreign ions on the flotation efficiency of the carbon samples were investigated. Under optimum conditions, separation of the carbon samples was almost complete (~100%).
INTRODUCTION
Copper has received considerable attention because of its use in metallurgical and chemical industries. Moreover, as trace quantities it has a positive role in human life. Thus, it is an essential constituent of ca. 30 enzymes and glycoproteins (Freemantle 1989) and is necessary for the synthesis of haemoglobin and for some biological processes (Sorensen 1991) . However, when the levels of copper exceed particular values, defence mechanisms to protect against such excesses are overcome and toxicity results.
The reported list of toxic copper species often includes CuOH + and Cu 2 (OH) 2 2+ (Shaw and Brown 1974; Howarth and Sprague 1978) . However, without doubt, Cu 2+ ions (which are present in various aqueous systems) are considered to be the most toxic of the dissolved copper species, particularly towards fish, plants and other aquatic organisms (Sunda and Gillespie 1979; Sylva 1976) . Excess copper in water is not only harmful to human beings but also interferes with the self-purification of bulk water. In addition, copper exerts an adverse effect on the microbiological treatment of wastewater (Xu et al. 1991) . From both an environmental and a geochemical viewpoint, accurate and selective methods are required for the removal of Cu 2+ ions from natural and wastewaters.
*Author to whom all correspondence should be addressed.
Numerous methods for removing heavy metals from aqueous solutions are available as reported by Yubin et al. (1998) , Ghazy (1995) and Mizuike (1986) . Of these, adsorption on to powdered activated carbon (PAC) has proved to be a very effective technique for the removal of low concentrations of organic compounds and inorganic toxic species from water supplies and wastewaters for the enhancement of activated sludge and water treatment (Zouboulis et al. 1994; Sharma and Forster 1996; Ho and McKay 1998) . PAC is usually considered the adsorbent against which others are assessed (Huang and Bowers 1978) . It has the advantage of being less costly to manufacture, offering more surface area for adsorption and distributing more easily and uniformly in water. PAC also offers the advantage that the dose and reaction time can be adjusted according to the composition of the liquid streams to be treated as in colour and odour removal. PAC requires minimal capital expenditure for feeding and contacting equipment. However, economic limitations have been placed on the use of PAC due to difficulties encountered in separating it from suspension to allow its regeneration (Zouboulis et al. 1994) . To compensate for this, a combination of adsorption and flotation (a process termed sorptive-flotation) has proved vital since flotation is considered to be more efficient than the more common methods for the removal, recovery and/or preconcentration of trace substances (Stoica et al. 1998; Mizuike 1983) .
Although a great number of papers has been presented for the removal and/or preconcentration of Cu II from water and wastewater by adsorption on to activated and modified activated carbons (House and Shergold 1984; Youssef and Mostafa 1992; Chang and Ku 1995; Samra 2000) or by flotation Kabil 1993, 1994; Lin and Huang 1994; Stoica and Oproiu 1996; Alexandrova and Grigorov 1996; Kabil et al. 1997) , the only published work similar to that described concerns the ion flotation of copper by charcoal and cationic surfactant (Sasaki et al. 1982) . Hence, the main concern of the present investigation was to establish a selective, rapid and simple sorptive-flotation procedure for the separation of Cu II from water using activated and modified activated carbons (obtained from materials considered either as wastes, naturally occurring or readily available and cheap) as sorbents and oleic acid as the surfactant under various recommended conditions.
EXPERIMENTAL

Materials and solutions
The activated charcoal (PACh), as purchased from Sigma Co., was crushed and pulverized, while powdered graphite (PG) of particle size < 50 mm and a purity of 99.5%, provided by Laboratory Supplies, Poole, England, was used without further treatment. These materials were dried for 2 h at 125ºC and subsequently stored in a desiccator. Non-activated carbon was obtained from olive stones after washing the same with a 5% aqueous solution of HCl, followed several times by distilled water and drying at 125ºC, and then subjected to destructive distillation for 5 h at 600ºC under a flow of nitrogen. The resulting material was subsequently activated by gasification with steam at 900ºC. Three modified activated carbon samples were prepared by treatment with conc. HNO 3 (10 ml/g carbon) to obtain PACII, with H 2 O 2 (50 ml/g carbon) or (NH 4 ) 2 S 2 O 8 (50 ml/g carbon) to obtain PACI and PACIII, respectively. The suspensions were shaken for 48 h at room temperature in each case, following which the activated carbon samples were removed by filtration and dried in an air oven for 24 h at 125ºC. Whilst hot, the treated samples were then quickly transferred to a desiccator and subjected to low-pressure evacuation. A mean particle size of ca. 12 mm was employed in subsequent experiments involving PACh, PACI, PACII and PACIII.
Freshly prepared stock solutions of the various carbon samples of definite concentration depending on the type of experiment involved were prepared daily before use. A stock solution of oleic acid (HOL) of concentration 6.63 × 10 -2 mol/l was prepared by dispersing 20 ml HOL (food grade, density 0.985 g/cm 3 ) in 1 l kerosene. Copper sulphate (CuSO 4 5H 2 O) stock solution (10 g/l) was diluted by suitable additions of doubly distilled water. Standard aqueous solutions of HCl and NaOH were used for pH adjustments with all pH measurements being undertaken using a model 3310 Jenway pH meter.
Techniques
To study the various parameters affecting the sorption-flotation process, a 20 ml aliquot of a suspension containing a known amount of Cu 2+ ions, the carbon sample and HCl and/or NaOH (for controlling the pH) were introduced into a flotation cell of a type described elsewhere (Ghazy and Kabil 1994) . The cell was shaken mechanically for 30 min (optimized time) to ensure the complete adsorption of Cu 2+ ions on to the carbon sorbent. Then, 3 ml of 3 × 10 -3 mol/lHOL was added. The cell was inverted by hand 20 times and allowed to stand for 5 min to ensure complete flotation.
Another series of experiments was carried out using a 1 l suspension (placed in a 2 l glass beaker) containing 25 mg/l Cu 2+ ions, 1000 mg/l of each carbon sorbent separately and 10 ml of 3 × 10 -3 mol/l HOL with the initial pH being adjusted to the required value. The suspension was stirred mechanically for 30 min at 200 rpm when it was noted that the Cu-carbon-HOL system was self-flotable without a stream of air bubbles being necessary.
The residual Cu 2+ ion content in the mother liquor was analyzed using a Perkin-Elmer 2380 atomic absorption spectrophotometer at a wavelength of 324.7 nm, or iodometrically with starch as the indicator for high concentrations of Cu 2+ ions. The percentage removal of Cu 2+ ions, Re (%), was calculated from the relationship Re = [(1 -C f )/C i ] × 100%, where C i and C f denote the initial and final concentrations, respectively.
To study the flotation of carbon sorbents, the previous procedural steps were performed in the absence of Cu 2+ ions. After complete flotation, the float containing the carbon sorbent was filtered through a G 5 sintered-glass filter (porosity, 1-1.5 mm) and dried to constant weight in an oven at 125ºC. The percentage floatability of the sorbent, F (%), was calculated from F = (C f /C i ) × 100%, where C i and C f denote the initial and final concentrations of the sorbent. Unless stated otherwise, all experiments were conducted at room temperature, i.e. ~25ºC.
RESULTS AND DISCUSSION
Floatability of carbon sorbents
The removal of fine particles of carbon sorbents from aqueous solutions (particularly those which pass through a filtration medium) was the obvious economic advantage of the studies undertaken. Preliminary experiments were conducted to float six activated carbons (viz. PAC, PACI, PACII, PACIII, PACh and PG) over a wide range of pH values using 3 × 10 -3 mol/l HOL. The results obtained are depicted in Figure 1 from which it is clear that the quantitative removal of the carbon samples followed the order PG > PACIII > PACh > PACII > PACI » PAC. Furthermore, the separation process was more efficient in acidic and neutral media relative to an alkaline medium.
Separation of the six powdered activated carbons using different concentrations of HOL surfactant at pH values of 2.0, 7.0 and 9.0 are presented in Figure 2 . HOL proved to be an effective surfactant for the quantitative removal of the sorbents, both at their lower concentrations and over the pH range investigated, when applied within the concentration range 5 × 10 -5 mol/l to 1 × 10 -2 mol/l. However, at high sorbent concentrations, HOL gave better results at pH values of 2.0 and 7.0 rather than pH 9.0. In general, it was found that for the types of studies undertaken the recommended HOL concentration range was 1 × 10 -3 mol/l to 1 × 10 -2 mol/l. Another series of experiments was undertaken to float different concentrations of the six carbon samples using 3 × 10 -3 mol/l HOL at pH values of 2.0, 7.0 and 9.0. As can be seen from the data recorded in Figure 3 , quantitative separation of the sorbents was attained over a wide concentration range at pH 2.0. Moreover, the effectiveness of sorbent removal was in the order PG > PACIII > PACII > PACh > PACI > PAC. Hence, for each sample, a definite concentration of sorbent may be recommended for a given pH value and concentration of HOL.
From the above results, it is obvious that the powdered activated carbon sample (PAC) was less effective relative to the others tested and for this reason it was excluded from subsequent studies. This result was in agreement with literature data, which indicate that activated carbon is not specific to certain applications and may need to be modified (Youssef et al. 1995) . Figure 4 illustrates the influence of pH on the combined process of sorption and flotation for the removal of Cu 2+ ions using PACI, PACII, PACIII, PACh and PG as sorbents and HOL as the surfactant. It should be noted that in each case the removal of Cu 2+ ions was small at pH < 3.0 which may be attributed to the reaction with water of oxo groups (C x O and C x O 2 ) formed on the surface during activation, i.e.
Removal of copper(II) ions
Effect of pH value
to form positively charged surface groups (Sharma and Forster 1996) , thereby hindering the adsorption of Cu 2+ ions and associated hydrolytic species. Moreover, at pH > 4.0, the Cu 2+ ions begin to form polynuclear copper hydroxide, + Cu(OCu) n -2 OCu + (Kobayashi 1975) , which has a tendency to adsorb on carbon surfaces to a slight extent. Under these circumstances, removal does not generally exceed 40% and hence an activator may be needed to enhance the process.
Common solid/liquid separation processes, such as filtration, sedimentation and flotation, usually become more effective as the size of the suspended particles is increased from an initial ultrafine or fine range up to a particular maximum diameter. Applying this approach, sodium sulphide -a common precipitating agent -was tested as an activator and collector following flotation. The results obtained are presented in Figure 5 from which it is clear that subsequent addition of sodium sulphide improved Cu 2+ ion removal (cf. the results depicted in Figure 4 ) and reached a maximum value (~100%) at a Cu 2+ /S 2-ratio of 2:1. Although this ratio does not agree with the stoichiometric ratio for precipitating CuS observed in practice, it is in accord with the view expressed in the literature that a precise distinction between adsorption and surface precipitation in adsorption studies is not possible from purely macroscopic data since both are molecular phenomena which can only be clearly identified by molecular methods such as optical and magnetic surface spectroscopy (Apak et al. 1999) . Moreover, the excess sulphide had no appreciable effect on Cu II removal and thereby enabled the possible application of the procedure to real samples.
A series of experiments was also performed at various pH values in order to find the most appropriate pH for the complete removal of Cu II by different carbon sorbents in the presence of Na 2 S as activator and HOL as surfactant. The results obtained are shown in Figure 6 and indicate that the maximum removal of Cu II was achieved by all sorbents in the pH range 2-4. For this reason, a pH value of 3.0 may be recommended for experiments in which Na 2 S is used as an activator. 
Effect of surfactant concentration
Two series of experiments were undertaken to study the removal of Cu 2+ ions (at a concentration of 25 mg/l) as a function of HOL concentration in the presence of the various sorbents (at 800 mg/l in each case). The results obtained are depicted graphically in Figure 7 .
The first series of experiments was carried out in the absence of Na 2 S at a pH value of 7.0 where a maximum removal of ca. 40% was attained over a HOL concentration range of 5 × 10 -4 to 1 × 10 -2 mol/l. The removal of Cu II diminished at concentrations above this range, a phenomenon attributed to the formation on the air bubble surface of a stable, hydrated envelope of surfactant or alternatively to the formation of a hydrated micellar coating on the solid surface. In either case, the hydrophobicity of the surface would then not be satisfactory for floatation.
The second series of experiments was performed in the presence of Na 2 S at a pH value of 3.0 and led to the complete removal of Cu 2+ ions (~100%) at a HOL concentration range up to 3 × 10 -2 mol/l. As a result, HOL at a concentration of 3 × 10 -3 mol/l would be suitable for carrying out experiments either in the absence or presence of Na 2 S.
Effect of carbon dose
The influence of the carbon dose on the removal of Cu II from aqueous solutions was investigated in the absence of Na 2 S at a pH value of 7.0 and in the presence of Na 2 S at a pH value of 3.0 (see Figure 8 ). It will be seen that an increase in the sorbent dose in the absence of Na 2 S had no effect on Cu II removal using PACIII (~20%) or PG (~40%) whilst it enhanced the process in the case of PACI, PACII and PACh. The decrease in Cu II removal using PG may be due to the fact that the particles to be removed had very small diameters, thereby not permitting effective separation. Using PACIII as the sorbent led to a decrease in the solution pH to 2.5 (see data in Table 5 below), a value at which the adsorption of Cu 2+ ions does not occur. Hence, the decrease in the removal efficiency.
The presence of sulphide ions in the system enhanced Cu II removal up to ca. 100% via a complex process. Such ions substantially increase the formation of carbon sorbent aggregates with adsorbed copper species either by (i) surface precipitation (sweep flocculation) involving the coprecipitation of insoluble sulphides to form successive layers on the carbon surface and/or (ii) the flocculation of hydrolytic products of Cu II together with its colloidal sulphide precipitate. This view agrees well with the fact that flocculation is an important preliminary stage in many solidliquid unit operations (as widely used in water and wastewater treatment) and that inorganic flocculants have been applied to separate heavy toxic metals via a process involving adsorbing colloid flotation (Gregory 1992) .
Effect of stirring time
Variation in the percentage removal of Cu II with stirring time (using a mechanical stirrer operating at 200 rpm) was also studied using 25 mg/l Cu 2+ ions, 800 mg/l of each sorbent and 3 × 10 -3 mol/l HOL in the absence (pH 7.0) and presence of 2 × 10 -4 mol/l Na 2 S (at a pH value of 3.0). The stirring time was varied from 1 min to 40 min to give the results listed in Table 1 . It will be seen from the data recorded that the percentage removal increased with increasing stirring time with the exception of PACIII, where it remained constant (20%) because the pH value of the system decreased to 2.5 (see Table 5 below) where both adsorption and flotation were not encouraged. Maximum removal (~100%) in the absence of Na 2 S was attained after 10 min stirring for PACI and PACII and after 40 min for PACh and PG. Hence, for efficient functioning of the carbon sorbents in the absence of Na 2 S, a stirring time of 40 min was employed in all subsequent experiments. In the presence of Na 2 S, maximum removal was attained after 5 min for all sorbents and was therefore considered sufficient for the adsorption and flotation of Cu II for all the carbons investigated under these circumstances. 
Effect of temperature
Studies of the influence of temperature on the separation process seemed to be important from a practical viewpoint, especially in the case of hot industrial effluents. For such studies, one solution containing 25 mg/l Cu 2+ ions and 800 mg/l of a given carbon sorbent and a second solution containing 3 × 10 -3 mol/l HOL were either heated or cooled to the same temperature using a water bath. The surfactant solution was quickly poured on to the Cu 2+ ion solution contained within a flotation cell jacketed with 1-cm thick fibreglass insulation. The mixture was then floated using the process described previously. The results obtained (Table 2) revealed that Cu II removal increased with temperature to a maximum value of ca. 100%, except for PACIII which attained a constant value of ca. 80% at 30ºC and higher.
Effect of some foreign ions
Under the conditions recommended for this investigation, the removal rate of 25 mg/l Cu 2+ ions from a solution at a pH value of 3.0 in the presence of carbon sorbents (800 mg/l in each case), 2 × 10 -4 mol/l Na 2 S as activator and 3 × 10 -3 mol/l HOL was studied in the presence of high concentrations of various cations and anions usually present in some water samples. The corresponding results obtained are listed in Table 3 . All the cations were used as their chlorides or sulphates whereas the anions were used as the corresponding sodium salts. Perusal of the data in Table 3 indicates that the removal rate of Cu II was quantitative in all cases. However, it should be noted that higher concentrations of SCN -and CN -could have a harmful effect on the removal process because of the possible formation of complexes with the Cu 2+ ion which may be incapable of adsorption on to carbon sorbents.
Recovery of Cu II added to some water samples
To investigate the applicability of the recommended procedure, a series of experiments was performed under optimum conditions to recover 25 mg Cu 2+ ions added to tap and some natural water samples. The sorptive-flotation experiments were carried out using 1 l of clear, filtered, uncontaminated sample solutions after adjusting their pH values to 7.0. A second series of experiments was conducted using Na 2 S at a pH value of 3.0. The results obtained are presented in Table 4 , the data recorded showing that the recovery of Cu II was quantitative (~100%) for all samples after stirring for 30 min, increasing the temperature to 30ºC or using 2 × 10 -4 mol/l Na 2 S. However, the recovery of Cu II decreased to some extent in the presence of PACIII.
Adsorption and flotation mechanism
A sorptive-flotation mechanism may be suggested on the basis of the following facts:
1. As a function of the pH of the solution, Cu II may be present in the form of hydrolytic species such as CuOH + and Cu 2 (OH) 2 2+ (Shaw and Brown 1974) as well as positively charged polynuclear species such as + Cu(OCu) n -2 OCu + (Kobayashi 1975). 2. Under appropriate conditions, most metal ions are removed from aqueous solution by adsorption on to solid phases via coprecipitation of their insoluble hydroxides, flocculation by adsorption of hydrolytic products or ion exchange or even complexation with specific surface sites (Apak et al. 1998; Zouboulis et al. 1995) . For this reason, the removal process is more complicated than that described by a simple adsorption mechanism model. 3. Most activated carbon surfaces are negatively charged (Zouboulis et al. 1994) and are characterized by the presence of oxo groups such as C x O and C x O 2 (Sharma and Forster 1996) which react as organic carboxylic and phenolic groups in aqueous suspensions (Donnet 1982) . 4. Experimental characterization of the surfaces of the carbon samples under investigation has been carried out using surface area measurements employing the conventional BET equation, by the measurement of their base neutralization capacities and by IR analyses. The results obtained are listed in and phenolic functional groups were present on the surfaces of the carbon samples as determined by the method reported by Samra (2000), with free carboxylic groups comprising ca. 12.5-55.5% of the total acidity, lactone groups amounting to 18-45% while phenolic groups amounted to 20.0-62.5%; (iii) the decrease or increase in the solution pH observed after stirring the carbon samples with distilled water for 4 h may be attributed to the adsorption of OH -or H + ions, respectively, on their surfaces; and (iv) the presence of carboxylic and phenolic groups on the carbon surfaces was confirmed by the appearance of characteristic bands at 1383-1444 cm -1 and 3400-3500 cm -1 , respectively, in their IR spectra. In addition, new bands were observed in the 1702-1712, 2916-2931 and 3400-3444 cm -1 regions characteristic of n(COOH), n(C-H) and n(OH) for undissociated oleic acid (Ghazy 1982) after flotation of the carbon samples with HOL surfactant. Accordingly, carbon surfaces on to which Cu 2+ ions were adsorbed as hydrolytic species or as multilayers of copper hydroxide or sulphide, interact with oleic acid through hydrogen bonding (Ghazy 1982) as These aggregates become hydrophobic and float to the solution surface through the aid of air bubbles.
